Extreme ultraviolet lithography (EUVL) is one of the leading candidates for next-generation lithography technology for the 32 nm half-pitch node and beyond. The availability of EUV resists is one of the most significant challenges facing its commercialization. A successful commercial EUV resist must simultaneously meet resolution, line width roughness (LWR), photosensitivity, and resist outgassing specifications. Photosensitivity is of particular concern because it couples directly to source power requirements and the source is widely viewed as the most daunting challenge facing EUV commercialization.
INTRODUCTION
Simultaneously meeting resolution, line-width roughness (LWR), photospeed, and outgassing requirements remains a significant challenge facing the commercialization of EUV. While resolution and LWR are certainly not EUV-specific issues, outgassing and photospeed arguably are. Photospeed is of particular concern for EUV because it couples directly to source power requirements and the source and related components is widely viewed as the most significant challenge facing the commercialization of EUV. As extreme ultraviolet (EUV) lithography approaches commercialization, resist issues remain an important challenge.
To accelerate the development of commercially viable EUV resists, SEMATECH has two programs that provide access to EUV exposure capabilities: 1) the EUV Resist Test Center (RTC) at SEMATECH at the University at Albany, SUNY, and 2) the SEMATECH microexposure tool (MET) at Lawrence Berkeley National Laboratory. The RTC is based on a commercial implementation of an EUV microfield exposure tool with a stand-alone source [1] whereas the SEMATECH Berkeley Microfield exposure tool [2] is based on a research and development tool developed at Lawrence Berkeley National Laboratory and installed at the Advanced Light Source synchrotron radiation facility. Both tools utilize the same 5× reduction, 0.3NA optic design [3, 4] fabricated by Zeiss. The SEMATECH Berkeley tool has the unique capability, however, of a lossless programmable coherence illuminator [5] allowing it to achieve considerably lower k 1 factors through the use of modified illumination such as off-axis, dipole, and quadrupole. The imaging results presented here are all obtained using the SEMATECH Berkeley MET. Outgassing results are obtained using the EUV outgassing system at the University at Albany [6] .
To further accelerate the development of EUV resists, SEMATECH also runs its own resist benchmarking program evaluating commercial resists using a systematic protocol. Here we present recent results from the benchmarking program including process windows, exposure latitude, depth of focus, photospeed, LWR, and ultimate resolution. The results presented here demonstrate the availability of commercial EUV resists meeting resolution and outgassing requirements for the 32nm half-pitch node. LWR and photospeed, however, remain a concern. Moreover, progress towards the 22nm half-pitch node has also been demonstrated in terms of resolvability.
OBJECTIVE AND PROTOCOL
The objective of the SEMATECH resist benchmarking program is to evaluate commercial resist samples from commercial suppliers with a well-defined protocol and comparison to specifications targets. The objective is further to simultaneously focus on resolution, LWR, and sensitivity realizing that the best resist may in fact be a resist that demonstrates the best trade-off among these three crucial parameters an not necessarily a resist that performs best in any one category. The specifications we are working towards are summarized in Table 1 .
The benchmarking program protocol is summarized in the flow chart in Fig. 1 . The first step is to characterize the outgassing of the resist. Only resists meeting outgassing specifications are allowed into the exposure tools. Imaging performance characterization is performed on the SEMATECH Berkeley MET. For line/space characterization, rotated dipole illumination is used. Figure 2 shows an image from the MET pupil-fill monitor in this illumination condition. For contact hole imaging, annular 0.35-0.55 illumination is used. The exposure is comprised of a complete focus exposure matrix with 5% relative dose steps and 50-nm focus steps. Analysis of the imaging data for line/space patterns consists of top-down SEM analysis and the characterization of process window size for 40 nm and 30 nm 1:1 lines and spaces. Further data regression is used to determine exposure latitude (EL) at best focus and depth of focus (DOF) at best dose. The determined EL and DOF values are based on allowable changes of ±10% of nominal in CD. The top-down SEM images are also used for offline LWR analysis throughout the process window. In particular we compare resists from the perspective of LWR as a function of dose at best focus. Contact analysis is also performed using top-down SEM images of 50 nm, 45 nm, 40 nm, and 35 nm contacts through dose and focus. Finally, cross-section analysis is used to confirm profiles, characterize top loss, and verify ultimate resolution. 
Specifications

Goals
LINE SPACE PERFORMANCE RESULTS
We begin with through-pitch imaging analysis of five leading line/space resists. Figure 3 shows the resulting equal line-space top-down SEM images at best dose and focus along with the measured CD and LWR values. We consider pitches from 40 nm down to 22 nm, where possible. The figure also shows the dose required for printing of 32nm dense lines. Three different resists show some level of printing at 22-nm half pitch. All 5 resists have photospeeds in the 16 to 24 mJ/cm 2 range. EL results at 40-nm half pitch are shown for these same five resists in Fig. 4 . The best exposure latitude (18.2%) is provided by Resist A. A complete listing of the computed EL values is shown in Table 2 . Figure 5 shows the DOF results for the same five resists. All but one of the resists achieves a DOF of 200 nm. The results are again summarized in Table 2 . Figures 6 and 7 show EL and DOF results for 30-nm lines and space with a summary of the findings tabulated in Table 3 . In this case Resist E results are not included because it did not perform at 30nm half pitch. Finally, Fig. 8 shows top-down SEM images recorded at the reported ultimate imaging limit for each of the five resists. Table 1 .
PROCESS AND SUBSTRATE OPTIMIZATION
Next we consider process and substrate optimization for line space printing in Resist B. We begin by looking into the effect of coatings typically used as bottom antireflection coatings (BARCs) for 193 nm and 248 nm lithography. Because substrate reflection and resulting standing waves is not an issue at EUV we will refer to these layers as underlayers rather than BARC. The purpose of these layers at EUV is, for example, improved adhesion characteristics, reduced footing, reduced LWR … Figure 9 shows 26-nm line/space printing results in Resist B with three different underlayers, respectively, compared to HMDS. Some differences in adhesion are observed (underlayer A suffers from worse adhesion than the other three substrates), however, little impact on LWR is observed as seen from the through pitch LWR results plotted in Fig. 10 . --..
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Next we consider the effect of post application bake (PAB) and post exposure bake (PEB) temperatures. Figure 11 shows 26-nm half pitch printing results in Resist B with underlayer B at two different PAB and PEB temperatures. An image of the baseline process with HMDS substrate is also shown for reference. Dramatic improvements are observed with both PAB and PEB temperature reduction with the best performance being achieved when temperatures are simultaneously decreased. The performance increase, however, comes at the cost of sensitivity. For the best condition (PAB = 100°C and PEB = 90°C), the sensitivity is reduced to 27 mJ/cm 2 compared to the baseline value of 18 mJ/cm 2 . Quantitative analysis of the LWR is shown in Fig. 12 . Based on the LWR results, it appears that the majority of the gains are derived from the reduction in PAB. The LWR is seen to improve from 9.4 nm for the baseline case to 3.6 nm for the optimal case. We note that we would like to repeat the PAB/PEB optimization study on HMDS to determine if the observed performance improvement is also substrate dependent. 
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SUMMARY
Recent results from the SEMATECH EUV resist benchmarking program, which includes process windows, exposure latitude, depth of focus, photospeed, LWR, and ultimate resolution have been presented. The results are summarized in Table 4 , which demonstrate the availability of commercial EUV resists meeting resolution and outgassing requirements for the 32-nm half-pitch node. LWR and photospeed, however, remain a concern.
The best process latitude on 30nm half pitch features was provided by Resist A with a DOF of 200 nm and >20% EL. The best LWR was 3.6nm as provided by Resist B on underlayer B with optimized PAB and PEB. This LWR is approximately 44% larger than target and was achieved at a dose of 26.7 mJ/cm 2 . The fastest resist with reasonable process latitude at 30-nm half pitch was Resist B with a sensitivity of 17 mJ/cm 2 . The best ultimate resolving capabilities were provided by Resists A and B with capabilities down to 22-nm half pitch. 
